Introduction
The ability of HIV-1 to replicate in non-proliferating cells, such as terminally differentiated macrophages, sets this virus, and the group of Lentiviruses to which it belongs, apart from other retroviruses that can productively infect only mitotic cells [1] [2] [3] [4] . A large body of evidence linked the ability of HIV to replicate in non-dividing and slowly dividing cells to the translocation of the viral pre-integration complex (PIC) through the intact nuclear envelope 3; 5-8 . These observations suggested that HIV "hijacks" the host cells' own nuclear import machinery to deliver the viral genome into the nucleus. Since this machinery normally deals with proteins carrying some type of nuclear localization signal (NLS), it is reasonable to assume that a component or components of the PIC contain targeting signals that direct the PIC to the nucleus.
One of the PIC proteins believed to mediate HIV-1 nuclear import is Vpr [9] [10] [11] [12] . Numerous published reports identified several important features of Vpr that might be related to its activity in HIV-1 nuclear translocation (reviewed in ref. 13 ). Vpr has been shown to enter nuclei and localize to both nuclear envelope and nucleoplasm 12; 14 . In addition, Vpr induces dynamic disruptions in nuclear envelope integrity, which may serve as entry points for large nucleoprotein complexes such as HIV-1 PIC 15; 16 . Vpr also binds to certain nuclear pore proteins (nucleoporins) 17 , an activity that 10 might mediate binding of the PIC to the nuclear pore.
Finally, Vpr was found to bind to importin α 11 , the cellular receptor for basic-type NLSs 12 , and change its affinity for the NLS, suggesting that it might stimulate importin α/β (cellular NLS receptor)-dependent nuclear import of the HIV-1 PIC 11 .
Surprisingly, the requirement for Vpr in HIV-1 nuclear import appears to be cell-type-dependent.
Nuclear import and replication of HIV-1 in certain cells, such as growth-arrested HeLa or T stimulates nuclear import of the HIV-1 PIC in a cell-free in vitro assay 20 .
In this study, we demonstrate that Hsp70 is induced in macrophages by HIV-1 infection.
Exogenously added Hsp70, as well as mild heat shock that initiated prolonged Hsp70 expression in macrophages, diminished replication of the Vpr-positive HIV-1 but stimulated replication of the Vpr-deficient virus. These results reveal new details about Hsp70 activity in macrophages.
only.
For personal use at PENN STATE UNIVERSITY on February 23, 2013. bloodjournal.hematologylibrary.org From
Methods

Reagents
Recombinant Hsp70, as well as Hsp27 and Hsp70 ELISA kits were purchased from Stressgen Biotechnologies (Victoria, British Columbia, Canada). Mouse monoclonal antibody against human Hsp70 was from Calbiochem (San Diego, CA), anti-Hsp70(Hsp72) rabbit polyclonal antibody was from Stressgen, and anti-Vpr rabbit polyclonal antibody (clone 709) was provided by Dr. Josephine Sire (INSERM, Marseille, France). Synthetic Vpr 26 was a kind gift of Dr.
Ulrich Schubert (Humboldt University, Berlin, Germany). Lactate dehydrogenase (LDH) kit was from Sigma (St. Louis, MO). DNA constructs (GFP-PK, NLS-GFP-PK, and GFP-PK-Vpr) have been described previously 27 . Briefly, GFP-PK encodes for a fusion protein between GFP and chicken piruvate kinase (an 88 kDa chimera), NLS-GFP-PK adds the classical NLS (PKKKRKV) from the SV40 large T antigen to the amino terminus of GFP, and GFP-PK-Vpr has full-length Vpr fused at the carboxyl-terminus.
Cells, viruses, infections
Monocyte-derived macrophages (MDM) were prepared from PBMCs by adherence to plastic as described previously 28 30 .
PCR analysis
PCR analysis of HIV-1 infection was performed 24 h after infection using primers specific for the pol region of the viral genome (these primers amplify late products of reverse transcription) or 2-LTR circle forms of viral DNA (these forms are found exclusively in the nucleus 5 essentially as described previously 31 .
Immunoprecipitation
MDM infected with MLV-pseudotyped NLHADA virus were washed with PBS twice and lysed in the immunoprecipitation buffer containing 5.0 mM CHAPS, 50 mM NaCl, 20 mM Tris [pH 7
.5], according to 32 . Equal amounts of the lysates (according to protein content) were only.
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Analysis of subcellular localization
Analysis of subcellular localization of Vpr constructs was performed in HEK 293T cells. Cells were co-transfected with 10 µg of pcDNA3.1-Hsp70/Myc plasmid 33 and 2 µg of vector DNA expressing GFP-PK, NLS-GFP-PK or GFP-PK-Vpr using Metafectene TM (Biontex, Munich, Germany) following the manufacturer's protocol. Cells were washed with phosphate buffered saline (PBS) 24 h after transfection, fixed on cover slips for 10 min in 4% paraformaldehyde, and rinsed in PBS. The cover slips were then inverted and mounted on glass slides using Mount Medium H1200 containing DAPI (Vector Laboratory Inc, Burlingame, CA). To inhibit nuclear export, 400 nM leptomycin B (Sigma-Aldrich, St. Louis, MO) was added to the medium for 2.5 h prior to cell fixation.
Results
A study by Brenner and colleagues demonstrated induction of Hsp70 in HIV-1-infected T cells 34 . However, quantitative measurements of Hsp70 have not been reported. We thus analyzed Hsp70 in HIV-1-infected monocyte-derived macrophages using ELISA. This analysis demonstrated an increase in Hsp70 levels after HIV-1 infection (Fig. 1) . Hsp70 expression peaked 48 h after infection and decreased thereafter. Given that Hsp70 stimulates cellular nuclear import in general 24 and nuclear import of the HIV-1 pre-integration complex in vitro 20 ,
it was reasonable to hypothesize that Hsp70 induced by HIV-1 infection may assist Vpr in facilitating HIV-1 replication in macrophages.
To test this hypothesis, we first analyzed the effect of Hsp70 on subcellular localization of ectopically expressed Vpr. For this analysis, the following constructs were used: GFP-PK-Vpr (its subcellular localization has been shown to be determined by Vpr 27 ); GFP-PK (control construct that is excluded from the nucleus 27 ); and NLS-GFP-PK, which localizes to the nucleus due to the presence of a basic-type NLS 27 . These constructs were co-transfected into HEK 293T cells together with a vector expressing Hsp70 (or an empty vector) and localization of the GFP marker was monitored in the absence or presence of leptomycin B (an inhibitor of the Crm1-dependent nuclear export 35 ). Similar to the results reported by Greene and colleagues 27 , in the absence of leptomycin B (LMB), only NLS-GFP-PK, but not GFP-PK-Vpr localized to the nucleus ( Fig. 2A) , consistent with a presence of a potent Crm1-dependent nuclear export signal in Vpr. When nuclear export was inhibited by LMB, both GFP-PK-Vpr and NLS-GFP-PK (but not GFP-PK) localized to the nucleus (Fig. 2B , upper row panels). However, the nuclear only.
For personal use at PENN STATE UNIVERSITY on February 23, 2013. bloodjournal.hematologylibrary.org From localization of GFP-PK-Vpr was abolished when Hsp70-expressing vector was co-transfected together with the GFP-PK-Vpr-expressing plasmid (Fig. 2B, bottom row panels) . Importantly, co-transfection of Hsp70-expressing plasmid did not affect nuclear localization of the NLS-GFP-PK protein. This result indicates that Hsp70 specifically inhibits nuclear localization of Vpr, without affecting nuclear targeting of nucleophiles carrying a basic-type NLS. It also seems to contradict the initial hypothesis concerning the stimulating effect of Hsp70 on HIV-1 nuclear import, thus providing an unexpected intrigue to our studies.
Vpr is believed to be one of the principal factors that regulate nuclear translocation of the HIV-1 pre-integration complex in macrophages, and our finding that Hsp70 specifically inhibits nuclear localization of Vpr suggested that it may also inhibit HIV-1 replication in macrophages. To test this premise, we subjected primary human macrophages to a mild heat-shock by transferring plates for 1 h to an incubator at 43 0 C. Such treatment did not affect viability of macrophage cultures as evidenced by cell morphology, cell count, and LDH assay performed 1 day or 7 days after the heat shock (not shown). Heat-shocked macrophages, in contrast to control cultures, expressed high levels of Hsp70, which persisted for 5-7 days after cells were returned to normal culture conditions (Fig. 3A) . Heat-shocked and normal macrophages were infected with Vprpositive or Vpr-deficient HIV-1 NLHADA 11 , and virus replication was followed by RT activity in culture supernatants. It should be noted here that reports from different groups documented
anywhere from 2-fold to more than 100-fold impairment in replication of Vpr-deficient HIV-1 mutants in macrophages 17; 36-38 . In addition to variations in cell culture conditions and HIV-1 strains, these differences are likely due to different multiplicities of infection 37 . Under standard conditions used in our laboratory, we routinely observe a 3-to 10-fold difference in replication only.
For indicating that its ability to interact with the nuclear import machinery is preserved. Similar to the effect of heat shock, recombinant Hsp70 diminished replication of the Vpr-positive HIV-1 but stimulated an otherwise inefficient replication of the Vpr-deficient virus (Fig. 3C) .
Importantly, this effect could not be attributed to a possible endotoxin contamination of the recombinant Hsp70, as endotoxin is expected to reduce HIV-1 replication in macrophages by downregulating CCR5 receptor 41; 42 . This result confirms the role of Hsp70 as a regulator of HIV-1 infection and suggests that Hsp70 is a significant contributor to the effect of heat shock on viral replication.
Enhancement of replication of the Vpr-deficient virus correlated well with increased levels of 2-LTR circle forms (but not total proviral DNA amplified with primers specific for the pol gene) of HIV-1 DNA in cultures treated with recombinant Hsp70 relative to control cultures analyzed 24 h after infection (Fig. 3D ). Since production of 2-LTR forms is indicative of the efficiency of only.
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Our results so far indicate that Hsp70 stimulates nuclear import and replication of the Vprdeficient virus, but inhibits replication of the Vpr-positive strain, suggesting that the resulting effect of Hsp70 depends on whether Vpr is present in the pre-integration complex or not. To test For
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balance between Vpr and Hsp70 may determine, at least in part, the efficiency of HIV-1 infection. For example, high levels of Hsp70 may contribute to relative resistance to HIV-1 infection of activated macrophages 47 .
Intriguingly, Hsp70 stimulates nuclear import and replication in macrophages of a Vpr-deficient HIV-1. This effect is consistent with the capacity of Hsp70 to stimulate nuclear import of weak karyophiles 23 and suggests that Vpr and Hsp70 might enhance HIV-1 nuclear import through a similar mechanism. In particular, Vpr, similar to the effect of Hsp70, may enhance karyophilic properties of weak NLSs present in the matrix protein 48 , thus stimulating nuclear import of the HIV-1 pre-integration complex (PIC). Intriguingly, the magnitude of the Vpr effect appears to increase when viral inoculum is decreased 37 . Therefore, it is likely that the effect of Hsp70 on macrophage infection by Vpr-deficient HIV-1 may be even more pronounced when multiplicity of infection is low. Such conditions occur in vivo, where infection with viruses carrying mutated Vpr has been described 49; 50 . While infection with these mutant viruses is believed to be associated with a long-term non-progressor status, the rate of replication of these viruses in macrophages (and replication in these cells may determine the viral load 51 ) may depend on expression in these cells of Hsp70, which is induced by environmental stresses and infectious
agents. It appears rational to recommend that such patients try to minimize stresses that may stimulate Hsp70 expression. For personal use at PENN STATE UNIVERSITY on February 23, 2013. bloodjournal.hematologylibrary.org From demonstrate that Hsp70 and Vpr interact within an infected cell (Fig. 4) . We cannot exclude the possibility that binding of Hsp70 to Vpr is indirect, mediated by some cellular adaptor protein. Given that macrophage is the main (and sometimes the only) target cell for lentiviruses 53 , the fact that both primate and non-primate lentiviruses encode a Vpr-like protein 54 only.
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